Introduction
PBX1 (pre-B-cell leukaemia transcription factor 1) was initially identified as a proto-oncogene in human leukaemia induced by the expression of the oncogenic fusion protein E2a-PBX1 (Kamps et al., 1990 , Nourse et al., 1990 . PBX1 is classified in a particular subclass of homeodomain proteins designated as the PBC family, referring to the conserved PBC motif at the N-terminus of their homeodomain. This PBC subclass belongs to the TALE superfamily characterized by a Three-Amino-Acid Loop Extension within the homeodomain of these proteins. The PBC subclass comprises the proteins Pbx1, Pbx2, Pbx3 (Monica et al., 1991) and Pbx4 in mammals (Wagner et al., 2001) , Lazarus or Lzr in zebrafish (Popperl et al., 2000 , Waskiewicz et al., 2001 , as well as Extradenticle (or Exd) in Drosophila and Ceh-20 in Caenorhabditis elegans (Shanmugam et al., 1999 , Shen et al., 1999 . It has been demonstrated that PBC proteins are able to interact with a subset of Hox proteins and, as such, were considered as essential Hox cofactors involved in developmental gene regulation (reviewed in Affolter, 1998, Moens and . Since then, PBC proteins have been investigated by studying their interactions with Hox proteins. However, an increasing amount of evidence revealed that Pbx function was not restricted to a partnership with Hox or homeodomain proteins. Indeed, Pbx interacting proteins were subsequently identified that are involved in cytoskeleton assembly and/or regulation (Huang et al., 2003) . In a recent two-hybrid screen performed in our laboratory, only 6% of putative Pbx1 partners corresponded to homeodomain proteins and only 18% were transcription factors ( Fig. 1 ). This increasing amount of non-homeodomain transcrip-tion factors among Pbx1 partners points out that Pbx proteins have a broader role during development than previously assigned as Hox cofactor. This review summarizes what is known about PBC partnerships, beginning with the well-known cooperation with Hox proteins and extending to newly identified partnerships. We propose to position Pbx proteins as central developmental factors whose role consists of integrating transduction signals by interacting with numerous proteins, in order to regulate gene expression programs during development.
In the beginning, there were the Hox proteins
Hox proteins make up a family of transcription factors that specify anteroposterior identities during development throughout the animal kingdom, being characterized by a very highly conserved DNA-binding motif termed the homeodomain. In mammalians, 39 Hox genes are classified in 13 paralog groups within four separate clusters (A, B, C and D) . Although these proteins are able to trigger very specific developmental programs, they all bind in vitro to a TAAT core sequence occurring approximately once every 500 base pair within the genome (Galant et al., 2002) . Indeed, attempts to identify in vivo target genes by Chromatin Immunoprecipitation (ChIP) experiments, showed that these proteins bind DNA in a widespread fashion on TAAT sequences (Carr and Biggin, 1999 , Walter et al., 1994 , Williams et al., 2005 . To explain this apparent paradox between the low DNA specificity of these proteins and their ability to trigger distinct developmental programs, it was suggested that the level of Hox proteins was more important than their nature, i.e., these proteins were so similar that they were interchangeable (Duboule, 2000) . This theory or "quantitative model" is consistent with some elegant gene-swapping experiments showing a total functional equivalence between Hoxa3 and Hoxd3 in mouse, in which the coding sequences of the two paralog genes were exchanged (Greer et al., 2000) . While this functional equivalence highlights the crucial role of quantitative modulation in Hox gene expression, other data clearly demonstrate that the biochemical properties of Hox proteins participate in their function. As an example, mice in which the Hoxa11 homeobox has been substituted by the Hoxa13 homeobox exhibit an abnormal development of the limb buds and the female genital tract. In particular, the histology of the uterus resembles that of the cervix and vagina, thus resulting in a phenotype that corresponds to a homeotic-like posterior transformation (Zhao and Potter, 2001) . These data illustrate that some differences in the homeodomain, which is a highly conserved motif, lead nevertheless to the regulation of different genetic programs. As a matter of fact, even subtle differences in amino-acid sequences between Hox proteins can affect their gene targeting and/or transcription regulation properties, and/or, maybe more importantly, their cofactor binding.
To identify cofactors contributing to Hox specificity, various workers have examined Drosophila mutations that affect embryonic patterning. Using a genetic screen, the extradenticle (exd) gene product was first demonstrated to cooperate with Hox proteins during development (Rauskolb et al., 1995 , Rieckhof et al., 1997 . Homologs of this Drosophila gene were searched in various organisms and the corresponding proteins were merged into the PBC subclass of the TALE family, which includes Pbx1 as the best mammalian-characterised member. By examining Drosophila mutants that phenocopy exd mutants, the homothorax (hth) gene was then discovered and demonstrated to participate in exd function (Rauskolb et al., 1995 , Rieckhof et al., 1997 . This gene and its vertebrate homologs, Meis and Prep, encode proteins that are classified in another subclass of TALE proteins referred to the Meis/Prep (=PKNOX1) subclass (Burglin, 1997) . These latter proteins are implicated in the nuclear targeting (Abu-Shaar et al., 1999 , Rieckhof et al., 1997 and stability (Waskiewicz et al., 2001) of Pbx proteins.
While TALE cofactors undoubtedly increase Hox DNA binding specificity (Hox/Pbx DNA sites occur once every 8,200 base pair and Hox/Pbx/Meis once every 420,000 base pairs), their ubiquitous expression raises two questions that have been only partly addressed during the past few years. Firstly, we need to know how these proteins take part in regional identity specification and whether they are themselves tightly regulated and/or associated with more specifically expressed factors. Secondly, it is necessary to elucidate their roles in embryonic regions that do not express Hox genes. In the following, we give some keys to understanding how these crucial developmental genes function as they modulate genetic programs during development.
Pbx and Hox partnership
Several biochemical and genetic approaches have shown that Pbx1 and Exd interact physically with Hox proteins, forming transcriptional complexes that modulate target gene regulation (for a review, see Moens and Selleri, 2006) . The Hox/Pbx heterodimer binds cooperatively to bipartite target sites on DNA, increasing the binding affinity and specificity of each protein on gene promoters. More precisely, PBC proteins bind to Hox proteins from paralog groups 1 to 10 (Chang et al., 1995, Mann and Chan, 1996) . This interaction is mediated by the binding of a small tryptophan-containing motif within the Hox protein to a hydrophobic pocket formed by PBC proteins. This motif known as "hexapeptide", "pentapeptide", or "YPWM", was more recently named PID for PBC Interaction Domain (In der Rieden et al., 2004) . However, while the PID motif is clearly involved in Hox/Pbx binding, it seems that the physical interaction is more complex than previously postulated. Indeed, recent structure-function analyses reveal that Exd is able to bind Hox proteins in the absence of the hexapeptide motif (Galant et al., 2002 , Merabet et al., 2003 . The complexity and diversity of the Pbx/Hox interaction is based not only on the multiple partnerships between Pbx and the numerous members of the Hox family, but also on the existence of various isoforms of Pbx proteins. Indeed, most studies on Hox/ Pbx interactions were performed with Pbx1 or Exd proteins, while other PBC proteins were assumed to behave identically. However, even subtle differences in sequences between members of the Pbx family may lead to major in vivo modulations of Hox/Pbx target gene expression. The biochemical characterization of the Pbx proteins, as well as analysis of the loss of function of the genes, can provide some keys for understanding the gene regulation triggered by these homeodomain proteins.
Several Pbx proteins and isoforms
The Pbx1, Pbx2, Pbx3 and Pbx4 genes encode products that
Transcription regulation 18%
Translation regulation 3%
Unknown function 6%
Other 6%
Cell adhesion and extra-cellular matrix interaction (6%) share extensive sequence identity both within and flanking their DNA-binding homeodomains (up to 97% within their homeodomains) (Monica et al., 1991) . Some of these genes give rise to several isoforms by alternative splicing. Indeed, Pbx proteins arise from differential splicing of Pbx transcripts to yield large (Pbx1a, Pbx2, Pbx3a and Pbx4) and short (Pbx1b, Pbx3b, Pbx3c and Pbx3d) forms of the respective proteins (Monica et al., 1991 , Wagner et al., 2001 , Milech et al., 2001 . Based on biochemical studies, it is possible to discriminate clearly between different Pbx proteins and isoforms. Firstly, Pbx proteins do not exhibit exactly the same DNA binding properties. Although Pbx proteins recognize the same DNA consensus sequence in vitro, Pbx1 is not able to bind DNA alone, whereas Pbx2 and Pbx3 bind DNA without partners (Neuteboom and Murre, 1997) . Secondly, while the ability of Pbx protein to homodimerize has been investigated using in vitro approaches, the resulting data remain controversial. While some authors demonstrated that only Pbx3 is able to homodimerize when bound to DNA (Neuteboom and Murre, 1997) , others found that Pbx1a and Pbx1b homodimerize as efficiently as Pbx3 (Calvo et al., 1999) . Although this aspect of Pbx homodimerization has not been further explored, it could play a role in gene regulation through a competition between various partners. Indeed, several studies have addressed the importance of homodimerization for other homeodomain-containing transcription factors such as Oct1 (Poellinger and Roeder, 1989) , Paired (Wilson et al., 1993) , Cdx2 (Suh et al., 1994) , Evenskipped (Hirsch and Aggarwal, 1995) , Mix1 (Mead et al., 1996) and Pit1 (Jacobson et al., 1997) . Homodimerization of Pbx proteins might be a way of preventing their interaction with other transcription factors and their binding onto certain gene promoters. Although differential splicing is a feature of many homeobox transcripts, the functional consequences on the resulting products have been insufficiently explored. Ferreti and collaborators have demonstrated that the four Pbx3 isoforms translated from different transcripts of the Pbx3 gene have distinct interaction specificities (Ferretti et al., 1999) . The full-length isoform is designated as Pbx3a, while Pbx3b and Pbx3c correspond, respectively, to a C and N-terminus truncated isoform of the protein and Pbx3d consists of a protein truncated at both the C and Ntermini. As an example of their different biochemical properties, the two Pbx3c and Pbx3d isoforms (lacking a large part of the two conserved PBC-A and PBC-B domains) are unable to bind to the Pbx-interacting factor Prep1 and interact only weakly with Meis, while other Pbx3 isoforms strongly interact. Consequently, the Pbx3c and Pbx3d isoforms are unable to translocate with Prep1 into the nucleus and, as a result, another translocation system is necessary to import these proteins . Studies on the interaction between Pbx1 and the pancreatic specific homeodomain factor Pdx1 (Peers et al., 1995) have provided convincing evidence of divergent properties between different Pbx isoforms. Indeed, Pdx1/Pbx1b acts as a transcriptional activator through the activation domain carried by Pdx1, while Pdx1/Pbx1a acts as a transcriptional repressor complex. This divergence is due to the differential recruitment of corepressors. The Pbx1a isoform possesses a C-terminus domain that binds the corepressor proteins SMRT and NcoR, while the Pbx1b isoform lacks this region and is unable to recruit these factors (Asahara et al., 1999) .
In addition to their different biochemical properties, Pbx isoforms exhibit some specificity in their expression pattern. The Pbx1a isoform is restricted to the brain, whereas Pbx1b is expressed in the whole body. Furthermore, Pbx1b is the major embryonic isoform and Pbx1a is found mostly during adulthood (Schnabel et al., 2001) . Although several Pbx transcripts can be detected in the same developing organ, the corresponding proteins often exhibit a specific cell distribution. In the embryonic pancreas, Pbx1a is not detected in acinar or β cells, whereas Pbx1b is present exclusively in the nucleus of acinar cells. Pbx2 protein is detected in the nuclear and cytoplasmic fractions of the endocrine and acinar cells, while Pbx3b is present only in the cytoplasmic fractions of both cell lines (Swift et al., 1998) . These studies highlight the fact that post-translational regulation mechanisms, in particular nuclear targeting, play a major role in Pbx function (this regulation is discussed below). Furthermore, expression of some Pbx isoforms seems to be favoured in certain pathologic contexts. Indeed, expression of Pbx3d is observed in normal cells, whereas Pbx3c expression is mostly found in leukaemia cells (Milech et al., 2001) .
It is now possible to carry out functional studies of various isoforms encoded by one gene and interesting data are currently being reported. Recently, Noro et al. have shown distinct functions of homeodomain-containing and homeodomain-less isoforms encoded by homothorax (Noro et al., 2006) . Using RNAi technologies in Drosophila, these authors showed that many of Hth's functions, including proximodistal axis patterning of the appendages and most Hox related activities, are executed by homeodomain-less isoforms, whereas antennal development is dependant on the Hth full-length isoform. They propose that alternative splicing of homeobox gene transcripts is a conserved evolutionary mechanism that expands the architectural diversity of Hth/Exd and Meis/Pbx transcriptional complexes.
Loss of function of Pbx genes
Pbx1-deficient mice die at E15.5, displaying severe hypoplasia (lungs, liver, stomach, gut, kidneys and pancreas), ectopia (thymus and kidneys) or aplasia (spleen, adrenal gland) of multiple organs, as well as widespread defects of the axial and appendicular skeleton . Skeletal malformations are observed in the proximal elements of limbs, in ribs and vertebrae and the skeletal structures of the second branchial arch undergo an anterior homeotic transformation into first arch-derived cartilages. Pbx3-deficient mice survive to term, but die within a few hours after birth from central respiratory failure due to abnormal activity of inspiratory neurons in the medulla where this gene is highly expressed . Pbx1 and Pbx3 have extensively overlapping patterns of embryonic expression and these two related proteins could exhibit redundant functions. Indeed, mice lacking each of these genes display major phenotypes at sites where the mutated gene is singularly or mainly expressed. In addition, while mice with no Pbx1 or Pbx3 exhibit homeotic transformations highlighting the role of Pbx proteins as Hox cofactors, they do not perfectly phenocopy single or compound mutants for Hox or Hox-like genes. Thus, we can propose the hypotheses that either the PBC family members compensate each other in some tissues where their expression patterns are overlapping and/or that Pbx proteins have Hox-independent functions. Indeed, in contrast with precocious deaths caused by the loss of Pbx1 or Pbx3, Pbx2-deficient mice are viable and display no obvious phenotype, despite widespread expression of the gene during embryogenesis ; this suggests that loss of Pbx2 is compensated by another member of the PBC family.
As proposed for Hox proteins, the molecular mechanisms triggered by Pbx can be envisaged in terms of a "quantitative model". In this model, the various Pbx proteins may be largely redundant and a critical threshold of Pbx concentration would be required for normal development. This model is consistent with experiments performed in zebrafish, where the Pbx proteins are functionally equivalent (Waskiewicz et al., 2002) . Nevertheless, to validate this model we need to analyse compound null mice to identify the interrelationships and overlapping functions of PBC proteins in different developmental pathways of organogenesis. Recently, Capellini and coworkers (Capellini et al., 2006) have shown that decreasing Pbx2 dose in the absence of Pbx1 affects limb development more severely than the loss of Pbx1 alone . Indeed, these authors demonstrated that compound Pbx1/Pbx2 embryos, in addition to their proximal limb defects, exhibit novel and severe distal limb abnormalities, with Pbx1 -/-/Pbx2 +/-embryos displaying loss of distal hindlimb elements, whereas Pbx1 -/-/Pbx2 -/-embryos lack hindlimbs altogether. These findings highlight the primary role of Pbx1 and the crucial impact of spatiotemporal expression patterns of Pbx1/ Pbx2 on limb development. They are also consistent with a quantitative model in which the threshold of Pbx proteins would be crucial for limb development.
Pbx proteins meet more partners

Homeodomain-containing proteins
The well-characterized Pbx partners already mentioned are proteins belonging to the Meis/Prep (=PKNOX1) family. Mammalian Meis/Prep proteins are shown to dimerize with Pbx and independently with Hox from paralog group 9 to 13 (AbdB-like Hox proteins). The interaction between Pbx and Meis proteins requires each of their N-termini. Trimeric complexes encompassing all three homeoproteins, Hox-Pbx-Meis/Prep, have also been characterized (for a review, see Moens and Selleri, 2006) . While the majority of Hox monomers recognize a TAAT DNA core motif (Gehring et al., 1994) , Hox-Pbx, Hox-Meis and Pbx-Meis heterodimers recognize larger motifs resulting in a higher affinity and specificity of DNA binding for these homeoproteins (Mann and Chan, 1996) . Interestingly, recent data show that Hox/Meis interactions may extend to non-AbdB-like Hox proteins and that Meis proteins interact with different Hox groups using different interaction domains (Williams et al., 2005) . The possible range of interactions demonstrated by these authors using a yeast twohybrid assay is expected to imply greater complexity in vivo, particularly in tissues that express multiple Meis isoforms. In addition, interaction between Hox, Pbx and Meis is not restricted to interactions of the proteins bound on DNA. Indeed, gene expression regulation would depend on the three proteins, not necessarily in a DNA-bound trimeric complex, but also through protein-protein interactions where one or two members of these complexes could be non-DNA-binding partners. The mechanism by which the Hox/Pbx/Meis heterotrimer functions in gene regulation is currently under investigation. Huang and colleagues recently showed that, whereas Hoxb1 and Pbx are recruited rapidly to the Hoxb1 ARE (Autoregulatory Response Element), Meis is only recruited later, despite its constant availability (Huang et al., 2005) . This finding suggests that Meis is not recruited as part of a preformed trimeric complex with Hox and Pbx. Furthermore, they mapped a C-terminus domain within the Meis1 protein that mediates an increase in Hoxb1 transcription level through its ARE in response to stimulation from TSA (trichostatin) or PKA (Protein Kinase A). In contrast, the Prep1 C-terminus is unresponsive to TSA and PKA stimulation, suggesting functional differences between Meis and Prep1 proteins. Finally, the multiple combinations occurring between the different forms of Pbx, Hox or Meis-Prep families on DNA or in solution seem to play an important role not only in gene targeting but also in the strength of transcription regulation in response to specific cell signals.
As already mentioned, PBC proteins bind to Hox proteins from paralog groups 1 to 10 (Chang et al., 1995, Mann and Chan, 1996) through their PID motif. In fact, this motif has been described in other homeodomain proteins such as Engrailed (Peltenburg and Murre, 1996) and Pdx1 (Peers et al., 1995) . Other PID motifs were searched for in proteins using an in silico approach and putative Pbx partners were found that belonged to the extended Hox, NK, LIM and the paired-box homeodomain-containing class of proteins (In der Rieden et al., 2004) . Although a relatively important number of PID-containing proteins were identified by this approach, only some of these putative partners were shown to interact physically with Pbx1. Among functionally characterized Pbx1 partners, the pancreatic specific homeodomain factor Pdx1 regulates genes that are crucial for pancreas development and physiology such as those encoding insulin or somatostatin (Leonard et al., 1993) . The somatostatin gene promoter is controlled by several cis-regulatory elements: a CRE element (recognized by the CREB factor and other related nuclear proteins), two TSEs (TSEI and TSEII for Tissue Specific Element I and II) and an element adjacent to the TSEI designated as UE-A (Goudet et al., 1999) . The TSEI element is recognized by the Pdx1 and the UE-A element is bound by a dimeric complex composed of a Pbx factor and the Prep1 protein. It has been demonstrated that Pbx1 and Prep1 proteins are able to bind cooperatively to the UE-A site, whereas neither protein can bind this site alone. Furthermore, Pbx1 and Prep1 have no effect on the intact somatostatin promoter, but they produce a drastic activation when the pancreatic homeodomain factor Pdx1 is also co-expressed. Thus, the full activation of the somatostatin promoter is mediated by a cooperative interaction between the Pbx1-Prep1 heterodimeric complex and the pancreatic factor Pdx1 bound to the nearby TSEI site. These observations suggest that the Pbx1-Prep1 heterodimer possesses an activation capacity that is highly dependent on spatial organization. It has also been postulated that, in the context of the somatostatin promoter, one function of Pdx1 is to promote functional interactions between the basal machinery and the Pbx1-Prep1 heterodimer. In addition, Peers and coworkers showed that Pdx1 promotes somatostatin expression in δ-cells by binding cooperatively with Pbx1 to the TSEII site while it induces insulin expression in β-cells, by acting cooperatively with the helix-loop-helix E47 protein (Peers et al., 1995) . These observations suggest that the commitment of cells within the islet lineage to express either insulin or somatostatin may depend on the relative expression of E-box binding protein E47 versus Pbx1 proteins.
The regulation of another target gene of Pdx1, the pancreatic elastase 1 gene (ELA1), also involves specific members of the PBC and MEIS families. This regulation is mediated through a 10-bp element (designated as element B) within a transcriptional enhancer of the ELA1 gene promoter (Swift et al., 1998) . Using transient transfection assays, it has been demonstrated that this B element is responsible for cell-specific expression of the ELA1 gene. Indeed, in exocrine acinar cells, the B element cooperates with flanking sequences of the ELA1 enhancer and the activation of the gene is promoted by a complex comprising Pdx1, Pbx1b and Meis2. Conversely, in endocrine β-cells, the B element triggers gene expression in the absence of other activated enhancer elements. Thus, while activation of the B element can be mediated by Pdx1 without Pbx1b and Meis2 in acinar cells, it fails to be functional in β-cell lines. This study suggests that Pbx and Meis are regulated in a cell-specific manner within an organ and their association with Pdx1 controls the nature of the transcriptional activity of the transcription factor in exocrine versus endocrine cells. A subsequent study showed that the activity of the pancreas-specific ELA1 enhancer in acinar cells requires the cooperation of the trimer-binding B element with a nearby element binding to the pancreatic transcription factor PTF1 (Liu et al., 2001) . This latter factor comprises a bHLH heteromultimer that minimally contains the acinar cell-specific p48 protein and an ubiquitous E-box binding protein (REB in rats, HEB in humans, ALF1 in mice). When all partners are present in the nucleus of acinar cells, Pdx1 first recruits Pbx1b and they together bind in tandem to adjacent Pdx1 and Pbx half-sites. Pbx1b then recruits Meis2b to the DNA-bound complex, whose presence is required for both the transcriptional activity of the Pdx1/Pbx1b/Meis2 trimer and its cooperation with PTF1. Although the N-terminal activation domain of Pdx1 is essential to increase the transcriptional activity of the trimer, the mechanism by which it operates remains unclear. In addition, the mechanism of the cooperation between Pdx1 and p48 within the complex is not known, but it is likely that the two proteins interact either to stabilize each other's binding to DNA or to recruit coactivators to facilitate transcriptional activation.
Non-homeodomain containing proteins
HPIP (Haematopoietic Pbx1 Interacting Protein) is a nonhomeodomain protein that was identified as a partner of PBC proteins in haematopoietic tissues (Abramovich et al., 2000) . This protein does not possess any known DNA binding domain, but modulates the function of PBC transcription factors through protein-protein interactions. More precisely, this protein was demonstrated to prevent the DNA binding of Hox/Pbx complexes in vitro and inhibit the transcriptional activation triggered by E2a-PBX1 oncoprotein in transient transfection assays. The biological relevance of HPIP's ability to modulate Pbx function remains to be assessed in a more physiological context. A recent report (Manavathi et al., 2006) shows that HPIP is able to physically bind estrogen receptor α (ERα) and that a HPIP-microtubule complex could regulate estradiol-ER responses in mammalian cells. Unfortunately, the involvement of Pbx proteins in such pathway has not been investigated yet by the authors.
Recently, we identified a new Pbx1 partner called ZFPIP for Zinc Finger Pbx1 Interacting Protein that is able to inhibit the in vitro DNA binding of Hox/Pbx. This protein, exhibiting numerous C2H2 zinc-finger motifs, a NLS and highly conserved domains, is likely to take part with Pbx1 to important gene regulation processes (Laurent et al., 2007) . The pattern of expression of ZFPIP overlaps with that of Pbx1 in embryo, suggesting that it could function along with Pbx1 throughout development. A growing body of evidence suggests that a global network of conserved C2H2 zinc finger transcription factors may contribute to the patterning of the embryo in partnership with Hox proteins (Mahaffey, 2005) . Thus, ZFPIP is likely to impact on Hox/Pbx function in vivo, so we are currently investigating the genetic and physiological interaction between ZFPIP and Hox/Pbx proteins.
Pbx proteins and cell signaling
While the role of Pbx in cell signaling is Hox gene dependent most of the time, some Hox independent mechanisms have also been reported. The following paragraphs provide an overview of Pbx involvement in cell signaling.
Pbx proteins interact with partners involved in cell signaling
Pbx and TGFβ signaling
Members of the TGFβ family (activin and BMP) are secreted proteins that regulate a broad range of cellular responses during development. They act through two types of serine/threonine transmembrane receptor kinases (RTK), which mediate the phosphorylation of intracellular receptor-specific Smad proteins (Smad2-3 and Smad1 are phosphorylated upon TGFβs and BMP signaling, respectively). These phosphorylated Smad proteins then associate with a common partner, Smad4 and translocate into the nucleus (Attisano and Wrana, 2002) . Several data have highlighted the link between TGFβ signaling and Hox proteins. As an example, the osteoprotegerin gene is regulated by a complex of Smads/HoxC-8 proteins in response to BMP (Wan et al., 2001) . Recently, a comprehensive study performed on several different paralog Hox proteins showed that they act as general downstream DNA-binding proteins in the BMP signaling pathway and that their transcriptional activities are regulated by Smads (Li et al., 2006) . Whereas fewer examples can be cited of interaction between this TGFβ signaling and Pbx proteins, they are nevertheless informative about Pbx function. In particular, Bailey and collaborators (Bailey et al., 2004) identified Pbx1 and Prep1 as Smad partners within a trimeric complex involved in the regulation of the FSHβ gene by activin. The FSHβ gene promoter was demonstrated to be bound by Prep1/Pbx1/Smad4 (Bailey et al., 2004) and that Pbx1/Prep1 were able to interact physically with Smad2, Smad3 and Smad4; this cooperative association of Pbx1/ Prep1 with Smad proteins is likely to increase the DNA binding affinity of each protein and modulate their selection of target sites. Thus, it is proposed that Pbx1 and Prep1 proteins bound to the FSHβ promoter recruit Smad proteins and/or stabilize their binding to the promoter after Smad nuclear translocation in response to activin signaling. These studies suggest an important link between Pbx and Smad proteins in target gene regulation and identify Pbx1 as novel mediators of activin action.
Pbx and nuclear receptors
Nuclear receptors (NR) are transcription factors that regulate expression of the gene in non-pituitary cells when it is bound by the nuclear glucocorticoïd receptor (GR). These authors demonstrated that the gene can nevertheless be expressed in these cells under some physiological conditions. Indeed, non-pituitary cells confer increased expression of the gene through the binding of the ubiquitously expressed Oct-1 to an AT-rich sequence present in the PRL promoter. They further showed that full transcriptional activity of the gene required the binding of Pbx1. Interestingly, both Oct-1 and Pbx1 binding to the PRL3 nGRE were found to be required for glucocorticoid repression. They proposed that the mechanism of GR-mediated transcriptional repression involves either the displacement of these activating factors or some interference with their activation potential. The involvement of the homeobox protein Pbx1 in glucocorticoid repression via an nGRE highlights a new role for this protein in interfering with nuclear receptors signaling. In contrast with the repressive effect of GR on the Pbx1-bound PRL3 nGRE, glucocorticoids were shown to synergize with retinoic acid (RA) in enhancing the transcriptional activation of a reporter gene carrying the Hoxb1-ARE. This enhancement was shown to be mediated by the binding of the Pbx1/Hoxb1 heterodimer (Subramaniam et al., 2003) and it was proposed that the GC/RA synergy is built on a physical interaction between the GR and Pbx1 proteins. However, according to these authors, it is not clear whether GR acts as a direct coactivator or as a factor allowing the recruitment of other transcriptional activators onto the promoter. Since GR and Pbx1 are ubiquitously expressed, numerous Pbx1-regulated genes may be important targets for GC-mediated "cross-talk". Supporting this hypothesis, the interaction of GR with homeodomain proteins has been shown to interfere with developmental processes in Xenopus laevis and in zebrafish (Gao et al., 1994 , Wang et al., 1999 .
Pbx proteins induce expression of factors involved in cell signaling
If Pbx proteins can be mediators of certain signaling pathways, they can also initiate the expression of key proteins involved in cell transduction signals. In cooperation with Hox, Pbx proteins in- the activity of complex gene networks (Mangelsdorf et al., 1995) . This superfamily is typically subdivided into three families: the steroid receptor (SR), thyroid/retinoid (TR/RXR) and orphan receptor families. The transcription of the malic enzyme gene in chick embryo hepatocytes is stimulated by thyroid hormone (T3) through a cluster of five T3 response elements. This activation is greatly enhanced through an accessory element flanking the cluster of T3 response elements and designated as region E. The region E contains four consecutive Pbx/Meis1 half-sites that can be bound by Pbx/Meis1 complexes in several configurations, one of which is able to mediate a full activation of malic enzyme gene (Wang et al., 2001) . These authors demonstrated that the transcription enhancement of the malic enzyme gene is mediated by a physical interaction between Pbx1 and the nuclear T3 receptor-α. In addition, this interaction is enhanced by the presence of T3. Although these authors did not address the mechanism of this transcription enhancement, they hypothesized that the complex formation between TR/RXR and Pbx/Meis1 may facilitate the recruitment of coactivators onto the malic enzyme promoter. Their study and others suggest that complexes containing Pbx/Meis-Prep1 function as accessory proteins that potentiate other more specific transcription factors (Berthelsen et al., 1998 , Liu et al., 2001 , Peers et al., 1995 . The prolactin gene (PRL3) transcription can be activated either by Pit-1/GHF-1 that are specifically expressed in pituitary cells or, to a lesser extent, by Oct1 (a POU-homeodomain containing protein) and Pbx1 in non-pituitary cells (Subramaniam et al., 1998) . The PRL3 promoter contains a negative glucocorticoid response element (nGRE) that prevents the duce the transcription of sonic hedgehog during limb-bud development (Capellini et al., 2006) . The involvement of Hox protein Lin 39 and its Exd/Pbx-like cofactor Ceh-20 in Notch-mediated signaling during Caenorhabditis elegans vulval development has been recently investigated (Takacs-Vellai et al., 2007) . The authors demonstrated that both Lin-39 and Ceh-20 are required for the expression of the Lin-12/Notch receptor and one of its ligands in the vulval precursor cells, rendering them competent for the subsequent Lin-12/Notch induction events. These results suggest that the transcription factors Lin-39 and Ceh-20, which function at the bottom of the RTK/Ras and Wnt pathways in vulval induction, serve as major integration sites in coordinating and transmitting signals to the Lin-12/Notch cascade to regulate vulval cell fates. Figure 2 presents a schematic diagram of the central role of PBC proteins in inducing and mediating cell signaling pathways during development.
Pbx proteins interact with chromatin-remodeling protein complexes
The differentiation of muscle cells is orchestrated by four myogenic regulatory genes corresponding to MyoD, Myogenin, Myf5 and Mrf4. These bHLH (basic Helix Loop Helix) factors associated with E2a, bind and activate multiple E box elements containing muscle specific promoters (Arnold and Winter, 1998) . In transfection assays, the binding of Pbx1-Meis1 to an element adjacent to the E box enhances transcriptional activation by E2a-MyoD, suggesting a synergistic effect between MyoD/E2a and Pbx/Meis heterodimers. Since myogenic bHLH proteins exhibit a PID motif, it has been suggested that this synergy might be mediated by the physical interaction between Pbx1 and bHLH proteins . Indeed, some authors conclude that the Pbx1/Meis complex is constitutively bound to the myogenin promoter, whereas association of MyoD with the myogenin promoter increases during differentiation (Bergstrom et al., 2002) . To better understand the mechanism of the Myogenin transcriptional activation, a temporal analysis of protein binding events on its promoter was performed by ChIP experiments (Berkes et al., 2004) . These authors showed that MyoD interacts with the promoter indirectly via Pbx1 and recruits the SWI/SNF enzymes of the chromatin-remodeling complex, which then facilitates the binding of MyoD and other regulators and finally leads to transcriptional activation of the Myogenin gene. Actually, the SWI/ SNF enzymes physically interact with histone acetyltransferases (HATs), histone deacetylases (HDACs) and methyltransferases and thus have the potential to coordinate chromatin-remodeling activities; this complex was moreover shown to activate or repress expression of a subset of genes (Martens and Winston, 2003, Sif, 2004) . The recruitment of the SWI/SNF chromatinremodeling enzymes on the myogenin promoter is mediated by physical interactions between Brg1 (an ATPase belonging to the SWI/SNF complex) and Pbx1, as well as between Brg1 and MyoD (de la Serna et al., 2005) . These results are consistent with other data suggesting that SWI/SNF chromatin-remodeling enzymes are generally recruited during the later stages of an activation process, after the assembling of factors onto promoters (Martens and Winston, 2003 , Salma et al., 2004 , Soutoglou and Talianidis, 2002 , Spilianakis et al., 2003 . While the study of Berkes et al. (2004) demonstrated a direct interaction between Pbx1 and the chromatin remodeling machinery, other data indicated that Pbx1 proteins are linked to HDACs and HATs and thus have the ability to repress or activate transcription upon specific cell signaling. As already mentioned above, the Pbx1/Pdx1 heterodimer can alternately inhibit or activate the transcription of pancreas-specific genes. The Pbx1b/Pdx1 complex triggers the transcriptional activation through the recruitment of CBP, a histone acetylase, whereas Pbx1a/Pdx1 represses transcription by binding of NcoR and SMRT (Asahara et al., 1999) . Although the mechanism by which NCoR and SMRT repress target gene expression is not completely clear in this case, they were previously shown to associate with histone deacetylases via Sin3 complexes (Alland et al., 1997 , Heinzel et al., 1997 , Nagy et al., 1997 . Thus, NCoR and SMRT may block Pdx1 activity by opposing CBP-mediated nucleosome acetylation. The Hoxb1 autoregulatory element comprises three Hox-Pbx binding sites. Although this enhancer fails to activate reporter-gene expression in P19 cell monolayers treated by retinoic acid (RA), it becomes functional when the cells are cultured in aggregation in the presence of RA. Indeed, the Hoxb1/Pbx1 heterodimer is able to switch from a repressor to a net activator after cell aggregation or PKA signaling (Saleh et al., 2000) . The precise mechanism of this conversion is unclear, but it was shown that the repressive activity was mediated by a physical interaction between Pbx1a N-terminus and a corepressor complex including HDAC1, HDAC3, mSIN3B and N CoR/ SMRT, while the activation was mediated by the PKA-facilitated recruitment of CBP by Hoxb1. It is interesting that Pbx1/Hoxb1 dimer can be switched from repressor to activator in response to PKA signaling or cell aggregation, since this suggests that cell signaling mediated by intracellular cAMP could be determinant for Hox/Pbx function. A number of studies demonstrate that CBP interacts with various Pbx/partner complexes and could modulate gene transcription by this interaction (Asahara et al., 1999 , Saleh et al., 2000 , Shen et al., 2001 ). Shen and colleagues (Shen et al., 2001) have shown that CBP is also able to prevent Hox DNA binding in vitro and that the interaction between Hox and CBP inhibits CBP histone acetylase activity. Hence, these mutual inhibitory interactions might explain the inability of CBP to potentiate the low level of gene activation induced by Hox proteins in a range of reporter assays. While these in vitro data should be explored in a more physiological context, we can nevertheless speculate about the significance of this CBP/Hox interaction in vivo. By inhibiting Hox DNA binding, the interaction of CBP with Hox proteins could be a switch in some developmental genetic programs. Indeed, the interaction between CBP and Hox proteins would result in the release of Hox proteins from target genes, as well as the inhibition of CBP activity. In such a model, we can question the role of non-homeodomain forms of Hox proteins. Along with other authors, we have indicated that some Hox genes produce non-homeodomain isoforms (Dintilhac et al., 2004 , Komuves et al., 2000 . Some of these truncated Hox proteins have the ability to interact with CBP as efficiently as the full-length isoforms. In particular, we showed that HoxA9T, a homeodomainless isoform of HoxA9, is able to bind CBP and could consequently be a competitor of typical Hox proteins for CBP (Dintilhac et al., 2004) . Such truncated forms of homeodomain proteins probably play an important role in sequestering specific cofactors and, consequently, in the gene regulation of specific Hox target genes.
Another example of link between Pbx1 and chromatin-remodeling protein complexes is provided by the transcription factor FoxC1, a member of the Forkhead Box (FOX) gene family. FoxC1 has been implicated in the specific formation of multiple structures such as eyes, axial skeleton, somites, heart and surrounding vasculature, as well as the urogenital system (Kidson et al., 1999 , Kume et al., 2000 , Kume et al., 2001 , Winnier et al., 1999 . FoxC1 was recently reported by Berry and colleagues (2005) to interact with Pbx1a in the nucleus, especially in HP1α-rich (heterochromatin Protein 1) nuclear compartments. Once localized in these regions, FoxC1 is unable to recruit the necessary coactivators required to initiate transcription. However, it is still unclear whether the localization of FoxC1 in the HP1α-rich regions is the cause or consequence of FoxC1-Pbx1a-mediated inhibition. The authors suggest that Pbx1a is a component of the transcriptional inhibitory network acting on FoxC1 in cells (Berry et al., 2005) .
Pbx acts as a bridging protein within the transcriptional complex
As mentioned above, Pbx proteins interact with a wide range of proteins on target genes. These Pbx interacting partners, corresponding to homeodomain (Hox, Meis/Prep, Pdx1) and nonhomeodomain (FoxC1, HPIP, ZFPIP, Smad, NR, MyoD) proteins, display more temporally and/or spatially restricted expression during development than Pbx. As such, they should be considered as Pbx cofactors and they are designated in figure 3 by XPIP (X Pbx Interacting Proteins, with X corresponding to any specifically expressed transcription factor Interacting with Pbx). This concept is consistent with the comparison of the phenotypes of XPIPs and Pbx-null mice. The abnormalities observed in mice lacking Pbx1 are much more widespread than those observed in XPIP-null mice. In addition, Pbx proteins interacting with Meis/ Prep proteins form heterodimers which, in numerous transient transfection assays, display no drastic transcriptional activity. Indeed, as mentioned by several authors, the heterotrimers made up of Pbx/Meis/XPIP are more efficient transcriptional regulators than Pbx/Meis heterodimers, suggesting that the latter need to cooperate with other transcription factors. This cooperation can occur only on extended promoter sequences that are generally not used in reporter assays. The articles cited in this issue report several examples of such cooperation mediated by physical interactions with Pbx and other specific transcription factors. Thus, it seems that Pbx target gene transcription can be modulated by a dynamic organization of these factors in response to different cell signals. Within the complex, each of the partners is able to recruit chromatin-remodeling enzymes such as CBP, HAT, HDAC and the SWI/SNF proteins. The transcriptional effect of these complexes is likely to correspond to the sum of these opposite and/or synergetic enzyme activities and results from the integration of several signaling pathways such as those involving Smad, PKA and nuclear receptors.
A detailed analysis of Pbx1-null mice phenotypes showed that Pbx function is crucial during development and especially for organogenesis events. Indeed, although Pbx is not necessary for the initiation step of organogenesis, Pbx is required in several other steps of organ development , Brendolan et al., 2005 , DiMartino et al., 2001 , Schnabel et al., 2003 , Manley et al., 2004 , Dutta et al., 2001 . In mice where the Pdx1 gene lacks the PID-encoding portion, Dutta and colleagues have shown the promotion of a complete pancreatic genetic program. They suggest that Pdx1 monomers and Pdx1/Pbx1 heterodimers trigger genetic programs that may differ (Dutta et al., 2001) . These results support the hypothesis that homeoproteins can regulate target enhancers without cofactors and through monomer binding sites (Galant et al., 2002) .
In the latter cited studies, the search for genetic interactions of Pbx with developmental markers failed to show the involvement of Pbx in a well defined genetic pathway. According to the overall data, we propose a model where XPIP/Pbx heterodimers function as adaptators onto promoters to integrate information from several signaling pathways after the initiation of organogenesis genetic programs (Fig. 3) . We propose that, during organogenesis initiation, Pbx target gene promoters are positionally marked by XPIP, which then cooperate with Pbx and other regulator factors to activate or repress transcription. From most examples found in the literature, we can propose that XPIP is able to bind to some consensus sites as a monomer (Galant et al., 2002) . After Pbx becomes available in the nucleus by nuclear import, XPIP may be partly displaced by Pbx and the newly formed heterodimers will bind to adjacent dimeric sites. This shift of XPIP from monomeric to dimeric binding sites should occur since the interaction between XPIP and monomeric sites is weaker than between XPIP/Pbx and dimeric binding sites. In this way, Meis/ Prep could be recruited either as a non-DNA binding partner or as a DNA-binding partner (in this latter, the complex binds to a trimeric binding site) to stabilize the assembly. Thus, the formation of XPIP/Pbx heterodimers (or heterotrimers if Meis/Prep is involved) is responsible for the recruitment of chromatin-remodeling enzymes that likely allows the stable DNA binding of other transcription factors. This recruitment is possible due to Pbx bridging properties and explains the cooperation between adjacent regulatory sites bound by various transcription factors assembled around Pbx. The transcription regulation of target genes would correspond to the integration of antagonistic or synergistic signaling pathways by Pbx. Hence, organogenesis genetic programs would correspond to the modulation of silencing, maintenance or enhancing of key gene expression by Pbx proteins and their various partners.
Sub-cellular localization of Pbx proteins is tightly regulated
The above sections highlight the role of Pbx proteins in gene regulation within transcriptional complexes. The presence of Exd/ Pbx protein in the nucleus of cells is thus determinant for the adjustment of appropriate genetic programs. During Drosophila development, Exd is cytoplasmic in distal area appendages, while it is nuclear in proximal areas. The misexpression of Exd in the nuclei of distal cells blocks distal development giving rise to truncated appendages (Gonzalez-Crespo et al., 1998, GonzalezCrespo and Morata, 1996) . Pbx1 nuclear location is also crucial for the correct development of proximal limb structures in vertebrates. Indeed, Pbx1-deficient mice display malformations involving only proximal skeletal elements in regions where Pbx1 is nuclear. By contrast, the distal elements are unaffected in these mice . Numerous other studies show that the nuclear/cytoplasmic distribution of Pbx1 is subject to complex regulatory mechanisms that result from an interplay between several Pbx interacting partners binding to the NLS (Nuclear Localization Signal) and NES (Nuclear Export Signal) of Pbx1. Indeed, the region spanning amino acids 45-90 of PBC-A contains two independent NESs able to mediate Pbx1 nuclear export through the CRM1 (exportin 1) nuclear export receptor (KilstrupNielsen et al., 2003) . Pbx1 also contains two cooperative NLSs within the homeodomain that are inhibited when masked by an intramolecular interaction between the N-terminus and the homeodomain of Pbx1 (Saleh et al., 2000) . Furthermore, the competition in nuclear import and export signals can be influenced in a cell-specific manner. For example, in cells expressing cytoplasmic shuttle (Fig. 2) . Moreover, the presence of different isoforms existing in the Meis/Prep family precludes multiple partnerships and multiple ways of regulating Pbx localization.
Conclusion
This review highlights the fundamental role of Pbx proteins in initiating, mediating and integrating physiological and cellular contexts during development (Fig. 2) . In their position downstream of crucial signaling pathways, Pbx proteins are able to initiate developmental programs and, by interacting with cellsignaling effectors, they can also adapt new genetic networks. Meis/Prep proteins, the binding of Pbx1 to Meis/Prep proteins leads to a conformational change exposing the Pbx1 NLS, which is then nuclear targeted , Saleh et al., 2000 . The sub-cellular location of Pbx1 is also regulated by a post-translational mechanism. Indeed, the activation of protein kinase A leads to phosphorylation of Pbx1 and this enhances its nuclear localization (Kilstrup-Nielsen et al., 2003) . Recently, it has been proposed that the actin-binding protein Filamin A (FLNA) can mediate the nuclear localization of Pbx1a either by influencing its phosphorylation status or by participating in Pbx1-Meis/Prep assembly. However, it is not yet known whether FLNA directly binds to Pbx1 or Meis/Prep proteins and how it regulates the correct nuclear localization of Pbx1 (Berry et al., 2005) . It has also been demonstrated that the NMHCB (non-muscle myosin heavy-chain B) has a Pbx1 cytoplasmic retention function. Furthermore, the Pbx1 region involved in NMHCB interaction overlaps the region needed for Meis1a binding, suggesting that the subcellular location of Pbx1 may result from a competition between several pathways (Huang et al., 2003) . The Pbx1/NMHCB interaction also supports the hypothesis that the actin cytoskeleton may play a role in the accurate regulation of the nuclear import of Pbx1. In agreement with this idea, the Haematopoietic Pbx1 Interacting Protein (HPIP), first identified as a PBX partner (Abramovich et al., 2000) , has the potential to be a nucleocytoplasmic shuttle protein since it contains a NLS, a NES and a cytoskeletonbinding domain (Abramovich et al., 2002) . Thus, the association of HPIP with the cytoskeleton may provide a regulatory mechanism controlling the availability of functional nuclear Pbx proteins. In addition, other components of the cytoskeleton such as tubulin α and β were identified in our two hybrid screen for Pbx1b interacting proteins (Fig. 1) . These interactions are expected to promote Pbx1 cytoplasmic retention. Although numerous studies have been performed to investigate the regulation of Pbx sub-cellular localization, some questions remain unresolved. In particular, we might ask how different Pbx proteins and/or isoforms present in the same cell type display divergent sub-cellular distributions. This is illustrated by the localization of Pbx1a in the nucleus of pancreatic acinar cells, while Pbx2 is nucleocytoplasmic and Pbx3b exclusively cytoplasmic in the same cells. The regulation of Pbx localization is thus definitely more complex than initially envisaged with the identification of Meis/Prep protein as a unique Pbx nuclear/ This functional plasticity might explain the localisation of the proteins in critical areas of developing organs. Indeed, the detailed description of Pbx1 expression in mice clearly demonstrates the presence of this protein not only in proliferating zones, but also in non-cycling cells of the developing embryo (Schnabel et al., 2001) . As suggested by these authors, Pbx1 expression during organogenesis indicates a potential function in determining cell fate in a variety of tissues that depend on mesenchymalepithelial interactions for their coordinated morphogenesis. We can thus imagine that Pbx proteins are able to switch from one gene regulatory network to another, allowing proliferating cells to go through a genetic differentiation program necessary to obtain specialized cell types in functional organs. The overall results of studies in the literature indicate that Pbx proteins functionally interact with a wide variety of transcription factors, thus forming heterodimers, heterotrimers or multimers on promoter target genes that play key roles in cell fate. These Pbx-associated factors often possess a PID that is an imperfectly conserved motif, indicating that competition between these PID-bearing proteins could occur under certain conditions. The positive or negative effects of Pbx-containing complexes on target-gene transcription depend on their composition, with each component participating directly or indirectly in the recruitment of chromatin-remodeling enzymes such as HAT, HDAC, CBP or the whole SWI/SNF complex. The level of transcriptional regulation mediated by Pbx/ partners seems to be a balance between the opposite activities of chromatin-remodeling enzymes that they recruit. This overall assembly of transcriptional complexes onto gene promoters would result in the expression of specific gene networks, integrated by cells to ultimately undergo mitosis or specific differentiation programs.
